Many marine benthic invertebrates pass through a planktonic larval stage whereas others spend their entire lifetimes in benthic habitats. Recent studies indicate that non-planktonic species show relatively greater fine-scale patchiness than do planktonic species, but the underlying mechanisms remain unknown. One hypothesis for such a difference is that larval dispersal enhances the connectivity of populations and buffers population fluctuations and reduces local extinction risk, consequently increasing patch occupancy rate and decreasing spatial patchiness. If this mechanism does indeed play a significant role, then the distribution of non-planktonic species should be more aggregated-both temporally and spatially-than the distribution of species with a planktonic larval stage. To test this prediction, we compared (1) both the spatial and the temporal abundance-occupancy relationships and (2) both the spatial and the temporal mean-variance relationships of population size across species of rocky intertidal gastropods with differing dispersive traits from the Pacific coast of Japan. We found that, compared to planktonic species, non-planktonic species exhibited (1) a smaller occupancy rate for any given level of mean population size and (2) greater variations in population size, both spatially and temporally. This suggests that the macroecological patterns observed in this study (i.e., the abundance-occupancy relationships and mean-variance relationships of population size across species) were shaped by the effect of larval dispersal dampening population fluctuation, which works over both space and time.
Introduction
Many marine benthic invertebrates pass through a planktonic larval stage after hatching, whereas others completely lack any planktonic dispersal stage and spend their entire lifetimes in benthic habitats (Thorson 1946 , 1950 , Strathmann 1985 , Bhaud 1993 . Such variation in developmental mode is commonly found in the early life histories of many taxa of marine invertebrates, regardless of habitat type (Thorson 1946 , 1950 , Amio 1963 . Furthermore, such variation is sometimes found among closely related species living in the same habitat (Amio 1963 , Adachi and Wada 1998 , Furota et al. 2002 .Such contrast in developmental mode raises questions about the ecological consequences of the life histories of these forms. This is because dispersal is a crucial process in many marine benthic populations, and is hypothesized to be a process underlying the interspecific variation of both abundances and distributions (Foggo et al. 2007) . A credible relationship between developmental modes and distribution was initially reported from benthic marine invertebrates in the second half of the last century; macroecologists discovered that, for gastropods, planktonic-dispersing species have a greater geographic range than non-planktonic species (Hansen 1978a , 1978b , Jablonski and Lutz 1983 , Scheltema 1989 , Bhaud 1993 . More recently, however, Lester et al. (2007) analyzed extensive data from marine taxa and demonstrated that dispersal ability is of little value in predicting geographic range size, indicating that although dispersal can be an important process moderating species' distribution, other processes are more responsible for interspecific variation of range size.
Recently several studies have indicated links between the developmental mode of marine benthic invertebrates and their spatial distribution patterns at a finer spatial scale within their geographical ranges. For example, Johnson et al. (2001) found that, for intertidal molluscs, species without a floating larval stage showed relatively greater fine-scale patchiness than species with a larval dispersal stage. Similarly, Foggo et al. (2007) reported that, for echinoderms, the y-intercept of the fitted line of the abundance-occupancy relationship plotted for species with a floating larval stage was higher than that for non-planktonic species; i.e., for any given level of mean population size, planktonic-dispersing species tended to exhibit a greater regional occupancy rate than did non-planktonic species. Such an interspecific distribution pattern has often been explained as a direct consequence of the contrasting difference in dispersal scales. That is, more distant dispersal should result in less aggregated distribution at the local scale (Foggo et al. 2007 ) because it weakens the influence of the spatial heterogeneity of adult distribution on the juvenile distribution pattern (Uriz et al. 1998 , Reed et al. 2000 . Another explanation, but one which is not mutually exclusive with the previous explanation, is that larval dispersal enhances the connectivity of populations and buffers population fluctuations and reduces local extinction risk (Emlet 1995 , Eckert 2003 , Frost et al. 2004 , consequently increasing patch occupancy rate and decreasing spatial patchiness (Foggo et al. 2007) .
If the latter mechanism plays a significant role, then the distribution of non-planktonic species should be more aggregated temporally as well as spatially than that of planktonic-dispersing species.
That is, the former should show a smaller occupancy rate and greater variation in population size for any given level of mean population size, both spatially and temporally, than do the latter. However, these predictions have not been examined previously; as far as we know, only one study has demonstrated that larval dispersal dampened population fluctuation of marine benthos (Eckert 2003) .
To test these hypotheses, we compared and contrasted the slopes, fits, and y-intercept of the fitted line of (1) both spatial and temporal abundance-occupancy relationships and (2) both spatial and temporal mean-variance relationships of population size (Taylor's power law) across species with differing dispersive traits. We simultaneously applied these two regression analyses to the data because this may enable us to draw more valid conclusions about the effect of larval dispersal on distribution patterns, since the abundance-occupancy relationship and the mean-variance relationship of population size respectively focus on different criteria of aggregation under similar levels of mean abundance: the proportion of occupied sites or variation of abundance.
Four developmental modes are commonly found for marine gastropods: planktotrophic development (feeding larvae), lecithotrophic development (non-feeding larvae), direct development (larvae hatch as benthic juveniles), and ovoviviparity (Thorson 1950) . In the first and second of these, the larvae pass through a planktonic life stage after hatching (planktonic development), whereas the others completely lack a planktonic dispersal larval stage (non-planktonic development).
In this research, we compared spatiotemporal patterns in distribution between species with planktonic development and species with non-planktonic development, because pelagic larval duration may not be reliably different between species with planktotrophic development and species with lecithotrophic development across broad geographic and taxonomic scales (Mercier et al. 2013 ).
Material & Methods

Sites and samples
A hierarchical nested sampling design (Noda 2004 ) was used for the layout of each study site (Table A1 ; Fig. 1 ). Five rocky shores were chosen for the census of intertidal gastropods at each of six regions (Eastern Hokkaido, Southern Hokkaido, Rikuchu, Boso, Nanki, and Osumi) along the Pacific coast of Japan between latitudes 31°N and 43°N, with the intervals between neighboring regions ranging from 263 to 513 km (mean ± SD: 404.9 ± 107.3 km ). Within each region, we chose five shores at intervals of 2.7 to 17 km (mean ± SD: 8.2 ± 4.3 km) along the coastline. Within each shore, we established five 5000-cm 2 census plots on steep rock walls in semi-exposed locations at intervals of 3.1 to 378 m (mean ± SD: 37.3 ± 48.9 m). The angles of the rock walls in the plots varied between 41° and 103° (mean ± SD: 71.6 ± 15.8°) from horizontal (0°). Although the slopes varied across sites, most of the census sites (all plots except three) had slopes of between 50° and 100°, which were neither moderate nor overhanging slopes. Each plot was 50 cm wide by 100 cm high, and the mean tidal level corresponded to the vertical midpoint of the plot. Detailed descriptions of the study sites and biogeographic features of the area can be found in previous works (Okuda et al. 2004 , Nakaoka et al. 2006 . We counted and identified all gastropod species in our census plots in July or August (summer) from 2004 to 2010. From 2007 on, we were unable to survey several plots because they were damaged by storms or buried by sediments (Table A1 ).
To analyze spatial distribution patterns, we first obtained the following quantities for each species, region, and year: proportion of occupied plots (the number of occupied plots divided by the number of observed plots; Table A1 To analyze temporal distribution patterns, we first obtained the following quantities for each species and plot: proportion of years in which that species occupied the plot (the number of years that the plot was occupied divided by the number of years the plot was observed; Table A1 ), mean density of the plot in occupied years (sum of the number of individuals in each year divided by the number of occupied years), and the temporal mean and variance of population size (mean and variance of the number of individuals calculated over observed years). We then averaged these quantities over plots in the same region for each species and region, and finally obtained (1) average proportion of occupied years, (2) average density of a plot in occupied years, (3) average temporal mean of population size, and (4) average temporal variance of population size. The first two of these variables were used for analysis of the temporal abundance-occupancy relationship, while the last two variables were used for analysis of the temporal mean-variance relationship of population size.
Species
Developmental modes were taken from Habe (1956) , Amio (1963) , Ohgaki (1997) , Yamamoto (1997) , Furota et al. (2002) , Kanamori et al. (2004) , Kuramochi (2005) , Maeda and Doi (2006) , and personal communications from molluscan researchers Dr. Naoya Abe, Dr. Roberto Lombardo, and Dr. Naotomo Ohta. To preclude the influence of fisheries, such as harvesting and production and release of seedlings, for further analyses we used species with known developmental modes but with the exclusion of two commercial species, Turbo cornutus and Haliotis diversicolor aquatilis (Table   A2 ).
Analysis
In our intertidal gastropod dataset (Table A2) , 43 out of the 59 planktonic development species belonged in two mono-developmental clades, i.e. Patellogastroda and Vetigastropoda. Therefore to reduce phylogenetic effect on spatial and temporal population characteristics which is not related to mode of development, following analyses were performed for (1) all taxa and (2) taxa excluding 43 taxa belonging in Patellogastroda and Vetigastropoda
Abundance-occupancy relationship
We assumed that the abundance-occupancy relationship can be expressed by the model of Hanski and Gyllenberg (1997) , in which the logit of occupancy linearly correlates with the log of density.
To examine the effect of developmental mode on spatial and temporal abundance-occupancy relationships, we used linear mixed effect models where the logit-transformed averaged proportion of occupied plots (or of occupied years) of each species in every region was treated as the response variable. As predictor variables, we considered developmental mode, log of averaged density in plots (or in years) in which occupancy was recorded for each species in every region, and an interaction term between these two factors as fixed effects, as well as region-and species-specific random intercepts. In one region (Eastern Hokkaido), we had to exclude Littorina sitkana from these analyses, because the averaged proportion of occupied plots (and of occupied years) was 1, and therefore we could not obtain logit-transformed values.
Mean-variance relationship of population size
To examine the effect of developmental mode on spatial and temporal mean-variance relationships, we used linear mixed effect models where the log of averaged variance of population size per total number of plots (or per total number of years) of each species in every region was treated as the response variable. As predictor variables, we considered developmental mode, log of averaged mean of population size per total number of plots (or per total number of years) of each species in every region, and an interaction term between these two factors as fixed effects, as well as region-and species-specific random intercepts.
All statistical analyses were executed with R 3.0.2 (R Development Core Team 2013; available at www.R-project.org). Linear mixed effects models were fitted with the lmer function in the lmerTest package (Kuznetsova et al. 2014 ).
Results
Rocky intertidal gastropod fauna
Our dataset contained 359,897 individuals belonging to 72 taxa. We categorized these into the two dispersal modes: 15 were non-planktonic species and 59 were species with planktonic dispersal (Table A2) . Among the 15 non-planktonic species, 2 species were ovoviviparous. Planktonic species included 43 lecithotrophic and 16 planktotrophic taxa.
Abundance-occupancy relationship
Spatial and temporal relationships were quantitatively resembled to each other. For cases of all taxa comparion, the results of linear mixed models showed that the log of density andthe interaction term between developmental mode and the log of density were significant predictors of both spatial and temporal occupancies (Tables 1, 2 ). For cases of comparison with taxa excluding Patellogastropoda and Vetigastropoda, the log of density and developmental mode were significant predictors of spatial occupancy, while the former was not a significant predictor of temporal occupancy (Tables 1, 2) . In all cases, for any given level of mean population density, regional occupancy rate was greater for planktonic-dispersing species than for non-planktonic species (Figs. 2, 3) , demonstrating that the former species exhibited less aggregated distribution than did the latter species.
Mean-variance relationship of population size
As with the abundance-occupancy relationship, the spatial and temporal mean-variance relationships of population size mirrored each other. For cases of all taxa comparion, the results of linear mixed models showed that the log of mean population size, developmental mode and the interaction term between developmental mode and the log of mean population size were significant predictors of both spatial and temporalvariances of population size (Tables 3, 4 ). For cases of comparison with taxa excluding Patellogastropoda and Vetigastropoda, the log of mean population size and developmental mode were significant predictors of both spatial and temporalvariances of population size (Tables 3, 4) . In all cases, for any given level of mean population size, non-planktonic species exhibited greater variance than planktonic species (Figs. 4, 5) , demonstrating that the former species exhibited more aggregated distribution than did the latter species.
Discussion
Spatial patterns
Our results show that non-planktonic species exhibit a more aggregated distribution than do species with planktonic dispersal at a local scale. Similar patterns have been reported with respect to various other habitats and taxa. Using a dataset of 362 subtidal benthic invertebrates, including polychaetes, crustaceans, molluscs, and echinoderms occurring across 446 grid squares of 1 km 2 around the British Isles, Foggo et al. (2007) found that the y-intercept of the abundance-occupancy relationship was greater for planktonic-dispersing organisms than for non-planktonic organisms irrespective of taxon. Johnson et al. (2001) also reported that non-planktonic species showed relatively greater fine-scale patchiness than planktonic species for intertidal molluscs on the coast of the Isle of Man. Thus it can be concluded that non-planktonic species tend to exhibit a more aggregated distribution at a local scale than do planktonic dispersal species for marine benthos. However, several studies based on comparisons among higher taxonomic groups, such as phyla or classes, failed to find any influence of larval dispersal on the abundance-occupancy relationship (Foggo et al. 2003 , Frost et al. 2004 ). In those cases, it is inevitable that the observed abundance-occupancy relationships will be influenced by many confounding factors such as breadth of resources, habitat selection capabilities, and vital rates (Gaston et al. 1997) . Furthermore, the form of abundance-occupancy relationship is often strongly influenced by phylogeny (Gaston et al. 1997) , differing considerably among higher taxa (Webb et al. 2009 ).
Temporal patterns
While larval supply can influence the population dynamics of marine benthos (Yoshioka 1982 , Caffey 1985 , Connell 1985 , Gaines and Roughgarden 1985 , Minchinton and Scheibling 1991 , Gaines and Bertness 1992 , very little is known about the relationship between developmental mode and population dynamics (review by Olafsson et al. 1994 , Eckert 2003 . Until recently, it had been widely assumed that the floating larval stage increases the amplitude of population fluctuations (Thorson 1950 , Levinton 1982 , Strathmann 1985 , Roughgarden et al. 1988 ). Thorson (1946 Thorson ( , 1950 compared five sympatric bivalves and suggested that species with a long larval planktonic period exhibited greater population fluctuations and higher temporal variation in recruitment than did other species with short or no planktonic period. Underwood and Fairweather (1989) suggested that species with long planktonic periods would undergo large population fluctuations because of two mechanisms. First, their high fecundity combined with variation in planktonic mortality would cause great fluctuations in settlement. Second, as a result of planktonic mortality, variation in the floating period would change the number of surviving larvae that settle. However, there appears to be no credible evidence that floating species exhibit greater population fluctuation than non-planktonic species. In contrast, recent works based on analysis of data that can be considered more reliable from the aspect of quality and quantity showed patterns opposite to the widely accepted view (Eckert 2003) . Eckert (2003) analyzed a dataset consisting of a diverse group of intertidal and subtidal benthos and found that non-planktonic species exhibited greater population fluctuation than planktonic species. Similarly, the present study, based on analysis of data collected from 135 sites along the Pacific coast of Japan, showed that for rocky intertidal gastropods, non-planktonic species exhibited greater population fluctuation than planktonic species.
Thus, it can be concluded that larval dispersal may dampen population fluctuations in a manner similar to the effect of dispersal on population dynamics of terrestrial organisms (den Boer 1968 , Vance 1980 , Hanski 1991 , Hastings 1991 , Doebeli 1995 .
Underlying mechanisms of observed patterns
Our results show that, compared to planktonic species, non-planktonic species exhibit (1) a smaller occupancy rate for any given level of mean population size and (2) greater variations in population size, both spatially and temporally. These findings suggest that a dampening effect of larval dispersal on population fluctuation may work over both space and time (Eckert 2003) . Recent theoretical works (Hanski 2000 , Watkinson et al. 2003 , Freckleton et al. 2005 demonstrate that dispersal enhances the connectivity of populations and buffers population fluctuations and reduces local extinction risks, consequently increasing patch occupancy rate and decreasing spatial patchiness at the metapopulation level. This mechanism may be a major explanation for why, for various taxa of marine benthos from various habitats, non-planktonic species exhibit a more aggregated distribution at a local scale than do planktonic dispersal species (Reed et al. 2000 , Johnson et al. 2001 , Foggo et al. 2007 ). Indeed, analysis of fossil shells demonstrates that the extinction probability is lower for species with a floating larval stage than it is for species without a floating larval stage (Jablonski and Lutz 1983 , Jablonski 1986 , Valentine and Jablonski 1986 . Such a difference is also partially due to the effect of larval dispersal on population connectively and local extinction risks.
Conclusions
This study shows that, for rocky intertidal gastropods from the Pacific coast of Japan, compared to planktonic species, non-planktonic species exhibited (1) a smaller occupancy rate for any given level of mean population size and (2) greater variations in population size, both spatially and temporally.
This finding strongly suggests that the observed macroecological patterns, i.e., the abundance-occupancy relationship and the mean-variance relationship of population size across species, were shaped by the effect of larval dispersal dampening population fluctuation, which works over both space and time (Eckert 2003) . Although it had been widely assumed that larval dispersal enhanced population fluctuations, larval dispersal may in fact enhance the connectively of populations and buffer population fluctuations and reduce local extinction risks. Kuznetsova, A. et al. 2014 . lmerTest: Tests for random and fixed effects for linear mixed effect models (lmer objects of lme4 package). R package version 2.0-6. Figures   Fig. 1 . Study site locations. Five rocky shores (filled squares) were chosen for the census of intertidal gastropods in each of six regions (Eastern Hokkaido, Southern Hokkaido, Rikuchu, Boso, Nanki, and Osumi) along the Pacific coast of Japan between latitudes 31°N and 43°N. See Table 1 for abbreviations of shores. (Table 3) . The occupancy of a species in each region is the mean value of the proportions of occupied plots (number of occupied plots per 25 plots) from different years; density is the mean value of the mean density (individuals per 0.5-m 2 plot) in plots from different years in which occupancy was recorded. (Table 4) . The occupancy of a species in each region is a mean value of the proportions of occupied years (number of occupied years per 7 years) from different plots; density is the mean value of the mean density (individuals per 0.5-m 2 plot) in plots in which occupancy was recorded. (Table 6 ). The mean (or the variance) of a population size of a species in each region is the mean value of the mean (or variance) of population size (individuals per 0.5-m Tables   Table 1. Results of a linear mixed effect model examining the spatial abundance-occupancy relationship across species for all taxa (a) and taxa excluding Patellogastropoda and Vestigastropoda (b) with differing dispersive traits for rocky intertidal gastropods from the Pacific coast of Japan. Logit-transformed averaged proportion of occupied plots of each species in every region was treated as the response variable. As predictor variables, we considered the developmental mode and log of averaged density in plots in which occupancy was recorded for each species in every region, and an interaction term between these two factors as fixed effects, as well as region-and species-specific random intercepts. See text for detailed explanation of variables. Table A1 . Number of plots in each region over the 7 years of the census. From 2007 on, several of the plots could not be surveyed because they were damaged by storms or buried by sediment. 
